The goal of this study is to examine the response and changes of the muon intensity at ground, due to magnetic anomaly over south Atlantic. Based on the data of two directional muon telescopes and located at 22S and 43W. These coordinates are inside of the South Atlantic Anomaly (SAA) region, a dip in the magnetosphere. This characteristic offers to the muon telescopes the lowest rigidity of response to cosmic protons and ions ( ≥ 0.4 GV). The magnetosphere's dip is responsible for several processes, such as the high conductivity of the atmospheric layers due to the precipitation of energetic particles in this region and an zonal electric field known as the pre-reversal electric field (PRE) with an enhancement at evening hours. In addition the open magnetosphere, propitiate the magnetic reconnections of the IMF lines that will take place in this site in the day side. These factors are responsible for an unusually large particle flux present in the SAA region, including particles with energies above the pion production threshold. The main effect is an increase of the muon intensity (E µ > 0.2GeV ) at ground, in the day side, in up to ten times. We show that it is correlated with the pre-reversal electric field, and propitiate the observation of muon enhancements due to small solar transient events, such as corotating interaction region (CIR) and micro-flares. Details of these results are reported in this paper.
Introduction
The South Atlantic Anomaly (SAA) is the region where Earth's inner van Allen radiation belt makes its closest approach to the planet's surface. The Earth magnetic field intensity is smaller over this rregion than elsewhere, caused by the fact that the center of Earth's magnetic field is offset from its geographic center by 280 miles (Frasier-Smith 1987) . This hole in the almost spherical magnetosphere has been observed by spacecraft (Skylab, Mir) (Badhwar 1997) , and by Topex-Poseidon spacecraft as an enhancement of energetic particles in this region (Heirtzler 2002) . The presence of energetic protons above the 50 MeV level shows a 1000 times increase when compared to other regions exterior to the SAA. The SAA has been confirmed by ground based experiments using a variety of instrument, especially observations of enhanced ionization induced by particle precipitation in this region (Abdu & Batista 1977; Basu et al. 2001) , the effect of such enhanced ionization in causing enhanced ionospheric conductivity. The SAA covers a vast region of the South Atlantic and its center is located at 26S and 53W and coincides with the Brazilian southern region. Fig.1 shows the geomagnetic total field intensity distribution, represented by iso-intensity lines over the globe. The lowest value of magnetic intensity situated in South Brazil defines the position of the SAA region.
On the other hand, since April 2007 we are operating the phase II of the Tupi experiment, with two directional muon telescopes at sea level and located at 22S and 43W, inside the SAA region and close to its central area. This characteristic supplies to the muon telescopes the lowest rigidity of response to cosmic protons and ions ( ≥ 0.4 GV). This value is approximately half of the rigidity of the polar regions. In addition, the SAA is like a hole in the magnetosphere and the IMF lines overtake the surface, in the day side, in this region. Consequently, the magnetic anomaly works like a funnel for incoming charged particles from space. The main effect of the SAA is an increase of the muon intensity at sea level in this region, in up to 10 times in the day side.
The precipitation of energetic particles on the SAA ionizing the high layers of the atmosphere and increasing their conductivity (Gledhill & Torr 1975; Paulikas 1975; Nishino et al. 2002) and propitiating the appearance of an electric field, the pre-reversal electric field (PRE), with an enhancement at evening hours, the so called sunset enhancement. In fact, we show in this survey that there is a correlation in the hourly variation of the atmospheric conductivity gradient and the hourly variation of the muon intensity at ground, both present the so called sunset enhancement. In most cases the precipitation of the high energy particles in the SAA region begins around 3 hours after the sunrise and it finishes around one hour after the sunset, these schedules are subject to periodic variations (they move with the seasons of the year).
The low rigidity of response of the telescopes plus the fact that in the SAA region we have an almost open magnetosphere, and it propitiate the reconnection of the IMF lines, producing field lines with one end at the Earth and the other in distant space, are probably responsible for the observation of muon enhancements in association with solar transient event of small scale, such as the increase in the intensity of muons in coincidence with the gradual increase observed in the speed and density of the solar wind (initiate in solar holes), due to a corotating interaction region (CIR). We have also observed two ground level enhancements (GLEs) in very close schedules of the sunset and in temporal coincidence with micro-flares whose X-ray prompt emission have been observed by GOES11. This means that the GLEs are associated with flares located near to the foot-point of the garden hose field line between the Sun and Earth.
We have also observed several sharp peaks in the muon counting rate, produced by cosmic ray precipitation in the SAA region, they are in temporal coincidence with the Swift-BAT triggers (a multi-band spacecraft Gamma Ray Burst detector) and MILAGRO triggers (a ground based experiment located near to Los Alamos Laboratory). These triggers at least the observed in the Swift spacecraft are considered as noise triggers that occurred while Swift spacecraft was entering the SAA region (Augusto et al. 2008 ).
This paper is organized as follows: In Sec.II The Tupi experiment is described, in Sec.III the hourly and daily muon intensity variation in the SAA region, as observed by Tupi experiment, is described. The results on the muon enhancement at ground due to Corotating Interaction Region and micro-flares are presented in Sec.IV and Sec.V respectively, and Sec.VI contains conclusions and remarks.
The Tupi experiment
Starting from April of 2007 we have initiated the Phase II of the Tupi experiment which consists of two identical muon telescopes built on the basis of plastic scintillators. The aim is a search for the daily muon intensity variations. One telescope has vertical orientation and the another has a 45 degree orientation with the vertical (zenith) pointing to the west. Both of them have an effective aperture of 65.6 cm 2 sr. The Tupi experiment is at sea level and is located at 22S and 43W, which is close to the SAA center 26S and 53W. The telescopes are inside a building under two flagstones of concrete allowing registration of muons with E µ ≥ 0.2 GeV required to penetrate the two flagstones, as shown in Fig.2 .
Both telescopes have a rigidity of response to cosmic proton (ions) spectrum above 0.4 GV, given by the local geomagnetic cutoff at 0.4 GV. The vertical telescope uses a veto or anti-coincidence guard with respect to the inclined telescope, and vice-verse, as is shown in Fig.3 where the logic is shown. Therefore, only muons with trajectories close to the telescope axis are registered. This guarantees the directionality of the muon telescopes. The data acquisition is made on the basis of the Advantech PCI-1711/73 card with an analogical to digital conversion rate of up to 100 kHz.
The primary cosmic ray particles (i.e. protons and nuclei) can be inferred through the detection of muons by telescopes at ground and underground levels. The upper layers of the Earth's atmosphere is bombarded by a flux of cosmic primary particles. The chemical composition of this primary cosmic particles depends on the energy region. In the low energy region (above 10 GeV to several TeV), the dominant particles are protons (∼ 80%). The primary cosmic rays collide with the nuclei of air molecules and produce an air shower of particle that include nucleons, charged and neutral pions, kaons etc. These secondary particles then undergo electromagnetic and nuclear interactions to produce yet additional particles in a cascade process. Of particular interest is the fate of charged pions, π ± , produced in the cascade. Some of these will interact with air molecule nuclei via the strong interaction, but others will spontaneously decay into a muon, µ ± , plus a neutrino or anti-neutrino, ν µ , following the scheme π ± → µ ± ν µ via the weak interaction. Muons are quite penetrating and can reach the ground and enter the laboratory through the walls or roof of the building, and be detected with a suitable apparatus. Very high energy muons reach underground levels.
In order to estimate the counting rate of muons reaching detection level that are initiated by a flux of primary particles (protons), the so called response function is obtained, and it is related as dN(E, x, t) dE
where dN(E, x, t)/dE is the counting rate of detector located at depth x, at the time t, for primary particles withing energy E to E + dE arriving withing a small solid angle near to vertical direction, S(E, x) is the response function and dJ(E, t) is the primary cosmic ray spectrum. Here, the response function is derived on the basis of the results obtained with the FLUKA Monte Carlo program to taken into account the muon production and propagation on the atmosphere (Fasso & Poirier 2001; Poirier & D'Andrea 2002) . The response function expressed as the number of muons at detection level (sea level) per incident proton primary is plotted in Fig.4 for two primary incident directions.
3. The hourly and daily muon intensity variations in the SAA region
The hourly variations
We show in this survey that the muon intensity at ground (muons with energies above 0.2 GeV) in the SAA region increases in up to ten times in the day side. The effect is due to the precipitation of energetic (KeV to MeV) particles, the trapped and azimuthally drifting energetic particles, bouncing between hemispheres, come deeper down into the atmosphere owing to the low field intensity over SAA, thereby interacting with the dense atmosphere resulting in ionization production and increasing their conductivity. In addition, the open magnetosphere (magnetosphere's hole), propitiates the magnetic reconnections of the IMF lines that will take place in this site in the day side. There is also an enhanced zonal electric field known as the pre-reversal electric field enhancement (PRE) (Abdu et al. 2005) . The PRE arises from two combined effects, the eastward thermospheric wind and the longitudinal conductivity gradient. These factors are responsible for an unusually large particle flux present in the SAA region and that include particles (protons-ions) with energies above the pion (muon) production energy threshold.
In fact, we show that there is a correlation in the hourly variations of the PRE and the hourly variations of the muon intensity at ground, both present the so called sunset enhancement. In the upper panel of Fig.5 , the PRE obtained by simulation under several conductivity gradients is shown, and in the lower panel, the two month (April-May 2007 )averages of the hourly variations of the muon intensity is shown. It is interesting to observe that the muon intensity in the vertical telescope is almost twice than the muon intensity in the inclined telescope, in agreement with the expected zenith angle dependence for the muon intensity, and related as cos(θ) 2 = 0.5 for θ = 45 0 in the ∼GeV region.
On January 24, 2008, a new and faster micro-computer was used for the data acquisition system of the muon telescopes, and the result was an increment in the counting rate of at least 10 times. Under this new condition, it was possible to observer the fine structure of the muon counting rate (raw data) showing details of the precipitation of energetic particles in the SAA region. Fig.6 summarizes the situation, in the upper panel the muon counting rate at every 10 seconds (raw data) is shown, where the sharp peaks are due to the precipitation of high energy cosmic ray in the SAA region and producing muons in the atmosphere. In the lower panel, the counting rate at every 5 minutes is shown for comparison. This results is at January 28, 2008, (summer in the Souther hemisphere). In both panels, it is possible to see the muon enhancement at evening hours due to pre-reversal electric field enhancement (PRE).
The precipitation of high energy particles in the SAA region is subject to fluctuations. For instance there are days where no precipitation of particles in this region is observed. An example is shown in the Fig.7 , where the muon counting rate at every 5 minutes and for 5 serial days is shown. It is possible to verify that in the days 4 and 5 of May, there is no precipitation of particles. The origin of these fluctuations can be described using the "Open Magnetosphere" Models (Dungey 1961; de Brito & Sagantib 2005) based on a reconnection process that takes place at the front (dayside) of the Magnetosphere to produce field lines with one end at the Earth and the other in distant space. The magnetic reconnections of the Interplanetary Magnetic Field (IMF) take place in the SAA region. However, the coupling and specially the decoupling process under which the IMF evolves and carries out the task of transporting particles out of the SAA region is not still very well understood . In short, in most cases the precipitation the high energy particles in the SAA region begins around 3 hours after the sunrise and finishes around one hour after the sunset.
The daily variations
The solar daily variations known also as the diurnal solar anisotropy of the cosmic ray intensity has been observed by ground and underground based detectors, covering a wide range of the cosmic ray spectrum, with rigidities between 10 GV to 400 GV. The anisotropy reflects the local interplanetary cosmic ray distribution, and it is widely believed that the anisotropy arises when the cosmic ray particles co-rotate with solar wind stream, following the IMF lines, and it is related in terms of diffusion convection and drift of cosmic ray in the IMF.
According to (Forman & Gleeson 1975) , at 1 AU the co-rotating stream (solar wind) has a speed of order 450 km s −1 (in average) and at ∼ 18h (local time) approximately in the same direction as the Earth's orbital motion (of 30 km s −1 ). In other words, the co-rotating stream will overtake the Earth "almost in the vertical" from the direction of ∼ 18 h, and it is known as the phase of the anisotropy. This phase has shifted toward earlier hours ∼ 15h during the lower solar cycle due to drift process. So far, the drift process is still the most likely and accepted explanation of the phase shift. However, the solar daily variations specially observed in the high rigidity region, have shown remarkable changes in phase and amplitude during long periods of observation. A review of characteristics of the observed cosmic ray diurnal variations over three decades has been reported by (Ahluwalia & Fikani 1997; Mori 1996) .
In the SAA region the cosmic ray daily variation is amplified. We have used the fast Fourier transformation (FFT) for studying periodicities and scaling properties that might be present in our time series constructed using the hourly muon intensities. The power spectra of the hourly muon intensities for two months are show in Fig.8 . In this case, there is a series of peaks, such as at 0.99 days (daily anisotropy), and a small peak can be also observed at 0.58 days known as the semi-diurnal anisotropy. There is also a strong signal of the harmonic 27/n, with n = 4 giving a peak at ∼ 7 days, which corresponds to the quasi-periodic corotating streams that occurs due to solar rotation period of 27 days. We would pointed out that the harmonics like 27/n has been observed in the power spectra of solar wind speed measurements reported by Burlaga and Lazarus (Burlaga & Lazarus 2000) . These results strongly suggest that the solar wind and the protons (ions), producing the muon intensity, are modulated by the Sun.
Muon enhancement at ground due to Corotating Interaction Region
Corotating interaction regions (CIRs) are regions of compressed plasma, formed at the leading edges of corotating high-speed solar wind streams, originating in coronal holes as they interact with the preceding slow solar wind. They are particularly prominent features of the solar wind during the declining and minimum phases of the 11-year solar cycle. However, in most of cases, the particle enhancement observed at ground due to a CIR occurs at times of higher solar activity, interspersed with slow solar wind and transient flows associated with coronal mass ejections (CMEs) (Iucci et al. 1979; Richardson et al. 2002) .
Although the corotating shocks that often develop at the boundaries of CIRs beyond 1 AU appear to play a role in the acceleration of interplanetary ions including cosmic rays. The CIRs with developed forward and reverse shocks are occasionally observed at 1 AU. An example of corotating high-speed solar wind streams originating in coronal holes and observed in October 2007 by ACE spacecraft is shown in Fig.9 including their associated muon (Tupi) enhancement. The muon enhancement associated with the forward shock is clearly evident. In addition, the EPAM detector on board of the ACE spacecraft had also observed proton (ions) enhancement, exactly in coincidence with the beginning of the forward shock, consequently in coincidence with the beginning of the muon enhancement. Fig.10 summarizes the situation, where the barometric pressure is also included. It can be noticed that the change (increase) in the muon counting rate happens during the increase of the barometric pressure, as the flow of muons is anti-correlated with the pressure, the change in the muon flow is not due to pressure variations.
Muon enhancements at ground in association with solar micro-flares
A solar flare is defined as a sudden, rapid, and intense variation in brightness. A solar flare occurs when magnetic energy that has built up in the solar atmosphere is suddenly released. Radiation is emitted across virtually the entire electromagnetic spectrum. The first solar flare recorded in astronomical literature was on September 1, 1859. Two scientists, Richard C. Carrington and Richard Hodgson (Carrington 1860), were independently observing sunspots at the time, when they viewed a large flare in white light. In solar flares, the interaction of the energetic electrons with thermal protons provides the deceleration, and X-ray photons with energies less than or nearly equal to the electron energy are produced. These X-ray photons are the emitted radiation signatures detected by scientific instruments, such as GOES and SOHO. The frequency of flares coincides with the eleven year solar cycle. When the solar cycle is at a minimum, active regions are small and rare and few solar flares are detected. The occurance increases in number as the Sun approaches the maximum of its cycle. However, the period around the solar minimum is useful to observe small transient events, such as the micro flares.
Micro-flares (flares releasing 10
27 − 10 28 ergs) have been identified as changes in coronal emission due to impulsive heating of new materials to coronal temperature (Krucker & Benz 1998; Berghmans et al. 1998; Aschwand et al. 2000) . The measurements of these micro events are made possible by SOHO/EIT and TRACE. The soft X-ray flares classified by GOES as class A (1.0 − 9.9 × 10 −8 W atts m −2 ) are usually associated with "micro-flares". The soft X-ray emission for solar flares is a signature of acceleration of electrons. Are there accelerated ions in these processes as well? The answers is yes, while their fraction and chemical composition as well as the relationship between flares and coronal heating are still poorly understood. Most of the accelerated particles should contribute to heating, and probably only a small fraction of them escapes to space. In addition, it has been claimed that the micro-events have many physical properties in common with regular flares, while their locations and statistical behaviors are different.
Ground-level solar cosmic ray events are usually observed by high latitude neutron monitors at relatively low rigidities (∼ 1 − 3, GV) and in most cases the ground-level events are linked to solar flares of high intensity whose prompt X-ray emission is cataloged as Xclass (above 10 4 W m −2 ). Evidently, the solar flare detection at ground depends on several aspects, such as a good magnetic connection between the Sun and Earth. We show in this paper that the micro-flares, or at least the bigger ones of them, are capable of accelerating ions up to energies beyond 100 GeVs in the tail of the energy spectrum. We reporter here, the association of two muon enhancements with two micro flare events, whose X-ray pronth emission have been reported by GOES11.
(a) The first event was observed at 22.98 UT on April 24, 2007. Its (0.5-4.0Å) soft X-ray peak is a 2.7B class, and its (1.0-8.0Å) soft X-ray peak is a 5.9C class. The GOES soft-X ray light curves of the events are shown in Fig11 (upper panel), together with their associated Tupi muon enhancements (lower panel) having a confidence level of 9.1σ.
(b) The second event was observed at 19.67 UT on June 12, 2007. Its (0.5-4.0Å) soft X-ray peak is a 1.9A class, and its (1.0-8.0Å) soft X-ray peak is a 5.9B class. The GOES soft-X ray light curves of the events are shown in Fig.12 (upper panel) , together with their associated Tupi muon enhancements (lower panel) having a confidence level of 7.5σ.
In both cases, the ground level enhancements (GLE) peaks are advanced in relation to the (1.0-8.0Å) X-rays peaks (21 minutes and 12 minutes respectively), this means that in these two cases the high energy protons (ions) are firstly emitted. The same behavior is observed in the pronth X-ray emission, there is an advance of the (0.5-4.0Å) X-ray peak (more energetic) in relation of the (1.0-8.0Å) soft X-ray peak. Most solar flares associated with GLEs are located on the western sector of the Sun where the IMF is well connected to the Earth. The two GLEs here analyzed are associated with flares located near to the foot-point of the garden hose field line, because the protons (ions) travel toward the Earth following the garden hose line. Fig.13 summarizes the situation, for the best condition, pitch angle, θ = 45 0 , where the pitch angle defined as the angle between the sun-ward direction and the telescope axis direction. In this case, usually the protons arrive promptly and have very sharp onsets. Conversely, GLEs associated with flares far from the garden hose field line are usually delayed in their arrival at Earth and have more gradual increases to maximum intensity.
The pitch angles for these two events when they reach the maximum intensity as observed by the two telescopes are represented in Fig.14 . The best condition (pitch angle ∼ 45 0 ) is satisfied by the inclined telescope. These two examples, has been included in our collection on muon enhancement in association with solar flares of small scale Augusto et al. 2005 ).
Conclusions
The Earth is surrounded by an almost spherical magnetic field, the magnetosphere, and it is a natural shielding of the Earth surface to solar particle and cosmic rays up to several GeV energies. Specially in the day side, the supersonic solar wind interaction with the magnetosphere produces a bow shock, shielding the Earth of several types of radiations (charged particles) coming from external space. However, at a certain location over the South Atlantic Ocean, and centered in the south of Brazil, the shielding effect of the magnetosphere is not quite spherical but shows a hole, as a result of the eccentric displacement of the center of the magnetic field from the geographical center of the Earth. This is the so called SAA region. This behavior of the magnetosphere is responsible for several processes, such as the high conductivity of the atmospheric layers due to the precipitation of energetic particles in this region. The gradient of this high conductivity is in part responsible for an zonal electric field known as the pre-reversal electric field enhancement (PRE) with an enhancement at evening hours, the so called sunset enhancement. In addition the open magnetosphere of the SAA region propitiates the magnetic reconnections of the IMF lines that will take place in this site in the day side. These factors are responsible for an unusually large particle flux present in the SAA region.
We have reported the effects of the SAA in the muon flux at sea level, the data comes from two direction muon telescopes (Tupi experiment) and located inside the SAA region. This characteristic supplies to the telescopes the lowest rigidity of response (> 0.4 GV) to solar and cosmic protons (ions). The main results are summarized as:
(a) The precipitation of very high energy particles increases in up to ten times (see Fig.7 ) the muon intensity (E µ > 0.2GeV ) at ground. In most cases, the precipitation in the SAA region begins around 3 hours after the sunrise and finishes around one hour after the sunset. These schedules are subject to periodic variations.
(b) We have found a direct correlation between the hourly variation of the PRE and the hourly variation of the muon flux, not only their monthly averages, but also the hourly variation in an only day (see Fig.5 and Fig.6 ). In all cases is possible to see, the so called sunset enhancement.
c) The observation of the precipitation of high energy particles in association with Swift-BAT and MILAGRO triggers. The Swift-BT triggers occurred while Swift spacecraft was entering the SAA region. In addition, the MILAGRO triggers occurs for events whose coordinates point to the SAA region (Augusto et al. 2008 ).
(d) The SAA region propitiates the observation of muon enhancements at ground due to CIR events at times the lower solar activity (see Fig.9 and Fig.10) . In most cases, the particle enhancement observed at ground due to a CIR occur at times of higher solar activity, interspersed with slow solar wind and transient flows associated with coronal mass ejections (CMEs) (Iucci et al. 1979; Richardson et al. 2002) . However, at times of lower solar activity, the CIRs are mainly associated to fast solar wind, originated in coronal holes, and they are observed mainly by spacecraft.
(e) The SAA region also propitiates the observation of muon enhancement at ground due to solar flares of small scale, "micro flares". From the two events here reported, it is possible to deduce that the micro-events have many physical properties in common with regular flares. For instance, the tail of the particle energy spectrum in all cases reaches many dozens of GeV energies, because they produce muons (E µ > 0.2 GeV) in the Earth's atmosphere.
The Tupi experiment is in progress, and in a period of 6 months we will increase the number of telescopes of the current ones 2 to 14, increasing in 12 times the field of view of Tupi experiment. Our objective is to take advantage of our location inside the anomaly to detect gamma ray burst in the range of GeV to TeV, because there are theoretical models that predict GRBs in this energy region. Clear, we will continue studying solar transient phenomenons and to explore other possible phenomena that happen inside and due to the anomaly. Local Time ( h ) 14.-The pitch angles for the two events (muon enhancements) associated with microflares, when they reach the maximum intensity as observed by the two telescopes.
